We reconstructed the regulated induction of delayed-early (DE) transcription that occurs during herpes simplex virus (HSV) infection by using a transient expression system in which recombinant target genes were cotransfected into Vero cells together with intact activating genes. Plasmids containing cloned HSV-1 or HSV-2 immediate-early (IE) genes stimulated by up to 100-fold the expression from recombinant constructs containing the bacterial chloramphenicol acetyltransferase (CAT) gene under the control of the DE promoter/regulatory region from the genes for an HSV-2 38,000-molecular-weight (38K) protein and the HSV-1 thymidine kinase. This The genome of herpes simplex virus (HSV) consists of a large (150 kilobase pairs), linear, double-stranded DNA molecule which, considering the observation of symmetric transcription and overlapping transcription units (5, 8, 26, 35) , encodes well over 50 polypeptide products (15). Although regulation of the synthesis of these gene products is known to involve complex processes at many levels (14, 16, 19) , abundant evidence exists that transcriptional regulation is the main level of control of the coordinate induction of the differentially regulated immediate-early (IE), delayed-early (DE), and late groups of virus genes (1, 3, 22, 25) . With the aim of elucidating both cis-and trans-acting functions involved in this transcriptional regulation, we developed a short-term transfection system, using recombinant constructs containing the promoter/regulatory regions of IE and DE genes from HSV linked to the coding region for the bacterial enzyme chloramphenicol acetyltransferase (CAT) (28). Eucaryotic cells do not synthesize this protein, and several previous studies have shown that measurements of enzyme levels expressed from hybrid genes containing the CAT region provide rapid and very sensitive estimates of promoter activity (12, 18, 39) . We showed that expression of the HSV/CAT recombinant genes could be stimulated by virus infection of transfected cells with the patterns of stimulation correctly reflecting characteristics of expression of the parent virus genes from the IE and DE groups (28). Analysis of the factors modulating expression of these * Corresponding author. recombinant CAT genes therefore provides a valid assay system for dissecting the detailed requirements for induction of the different classes of virus genes at the transcriptional level.
promoter/regulatory region. By using a variety of cotransfected plasmids containing individual or different combinations of HSV-1 or HSV-2 IE genes, we show that of the five known IE genes, two, those coding for the 175K and 110K polypeptides, each possessed the ability to stimulate expression from both DE promoters. Cleavage of the input plasmids within the known coding regions for the 175K and 110K proteins abolished stimulation of DE/CAT gene expression, whereas cleavage outside the coding regions had no effect on stimulation. We conclude that stimulation of CAT expression occurred exclusively by a transactivation mechanism in which the products encoded by these IE genes acted on the DE hybrid constructs at the transcription level. No The genome of herpes simplex virus (HSV) consists of a large (150 kilobase pairs), linear, double-stranded DNA molecule which, considering the observation of symmetric transcription and overlapping transcription units (5, 8, 26, 35) , encodes well over 50 polypeptide products (15) . Although regulation of the synthesis of these gene products is known to involve complex processes at many levels (14, 16, 19) , abundant evidence exists that transcriptional regulation is the main level of control of the coordinate induction of the differentially regulated immediate-early (IE), delayed-early (DE), and late groups of virus genes (1, 3, 22, 25) . With the aim of elucidating both cis-and trans-acting functions involved in this transcriptional regulation, we developed a short-term transfection system, using recombinant constructs containing the promoter/regulatory regions of IE and DE genes from HSV linked to the coding region for the bacterial enzyme chloramphenicol acetyltransferase (CAT) (28) . Eucaryotic cells do not synthesize this protein, and several previous studies have shown that measurements of enzyme levels expressed from hybrid genes containing the CAT region provide rapid and very sensitive estimates of promoter activity (12, 18, 39) . We showed that expression of the HSV/CAT recombinant genes could be stimulated by virus infection of transfected cells with the patterns of stimulation correctly reflecting characteristics of expression of the parent virus genes from the IE and DE groups (28) . Analysis of the factors modulating expression of these * Corresponding author. recombinant CAT genes therefore provides a valid assay system for dissecting the detailed requirements for induction of the different classes of virus genes at the transcriptional level.
The nature of the requirements for trans-acting factors involved in the induction of DE gene expression remains unclear. The host RNA polymerase II enzyme is thought to be involved in all stages of HSV transcription (6) , and previous work has shown that functional IE polypeptides and de novo rounds of transcription are required for DE protein synthesis (16) . In the absence of IE protein synthesis, transcription is limited to the IE genes themselves, and it is therefore proposed that IE products are involved in the induction of DE expression at the transcriptional level. Attempts to examine the identity and function of IE polypeptides involved in this induction have been largely limited to the use of metabolic inhibitors (16, 24, 30) and phenotypic analysis of conditional lethal mutants possessing lesions in IE genes (7, 33, 37 4 h before transfection, the medium was aspirated and replaced with 2.5 ml of fresh medium. DNA transfection was performed as described previously (28) , using the calcium phosphate precipitation method (13) and glycerol boost (29 Relevant members of our series of plasmids containing sequences coding for various IE genes of HSV-1 and HSV-2 are illustrated below (see Fig. 1 ). A detailed account of the construction and physical map of a number of these plasmids together with evidence for the synthesis of an IE protein(s) after their short-term transfection has been published (27) .
Additional plasmids (see Fig. 1 ) containing only single intact genes for the 175K IE protein (pXhol-C) and the 110K IE protein (pIGA-15 and pIGA-6) were kindly provided by I. Gelman and S. Silverstein, Columbia University, New York, N.Y.
CAT assays. Cell harvesting and CAT assays were performed as described previously (12, 28) . Under our routine conditions with 0.2 ,Ci of ['4C]chloramphenicol, the assay was linear with respect to enzyme concentration until at least 105 cpm appeared as the chloramphenicol-3-acetate (Cm-3-Ac) product; with standard enzyme concentrations, the assay was linear with respect to time for at least 60 min. For quantitative estimates of CAT activity and fold inductions, the appropriate sections were cut from the thin-layer chromatography plate and placed in toluene PPO (2,5-diphenyloxazole)-POPOP [1,4-bis-(5-phenyloxozole)benzene] scintillation fluid, and the radioactivity was counted in an LKB 216 liquid scintillation counter. Shaw (36) has shown that analyses of the Cm-3-Ac product provide valid estimates of CAT activity. All quantitative comparisons were therefore made by measuring the amounts of the Cm-3-Ac product by using enzyme levels which were confirmed to be on the linear part of the curves of product formation versus enzyme concentration and time. Within individual experiments, enzyme levels expressed from the various CAT constructs were highly consistent, although some variation, perhaps due to differences in cell passage or plating efficiency, was observed in absolute enzyme levels between different experiments. insert, and the restriction enzyme sites at the left and right boundaries in the virus DNA fragments used for construction of the plasmids were as follows: pGR151, BgiII-Bglll; pGR91, Hindlll-HindIll; pGR90, HindIII-HindIll; pGH18, BamHI-BamHI; pGH3, Sall-Sall; pGR162, BstEII-BstEII; pGR195, BamHI-BamHI; pGR169, BamHIBamHI; pIGA-6, BamHI-SacI; pIGA-15 EcoRV-SacI; pXhol-C, XhoI-XhoI. All inserts were cloned in pBR322 except for pIGA-6, pIGA-15, pXhoI-C, and pGR162, which were cloned in pUC9, pUC8, pMK16, and pHSV106 vectors, respectively. The coding regions for the complete or partial IE genes located within the inserts in the plasmids are indicated by arrows.
RESULTS
are shown in Fig. 1 . Previous results with immunofluorescence assays have demonstrated that an IE polypeptide(s) is expressed after short-term transfection of these plasmids (27) . The effects of transfection of these plasmids on expression of the recombinant CAT gene under the control of the HSV-2 DE regulatory region, p38KCAT, are shown in Fig.  2 . Quantitative results from this and additional experiments, obtained by scintillation counting of radioactivity from the products of the CAT enzyme, are summarized in Table 1 . Enzyme levels expressed from p38KCAT were increased by cotransfection with each of the three plasmids containing the IE genes, the resulting increases in activity being 20- a series of transfections performed in parallel with those illustrated in Fig. 2 , which demonstrate that cotransfection with pGR151 or with other plasmids containing combinations of IE genes (see Fig. 5 ; other data not shown) had no significant effect on expression from the HSV IE promoter contained in p175KCAT or from the SV40 early regulatory region in pSV2CAT. A further analysis comparing the effects of cotransfecting IE genes with CAT constructs under the control of either HSV DE regulatory regions (p38KCAT and pTKCAT), a cellular regulatory region (pSAACAT), SV40 early region lacking the 72-bp repeat enhancer region (pAlOCAT), or a construct lacking any eucaryotic promoter sequences (pCATB') is shown in Fig. 4 (also Table 1 We have shown previously that expression from transfected p175KCAT could be induced by virus infection, although at much earlier times than from p38KCAT. Since in the cotransfection experiments presented above enzyme levels were assayed only at 40 to 50 h after transfection, it seemed possible that the intact IE genes may have had an autoregulatory effect on expression from p175KCAT, which would be detectable only at earlier times after transfection. Therefore, an experiment was performed to measure and compare the effect of intact IE genes on expression from p38KCAT and 175KCAT at different times after cotrans- fection (Fig. 5) . The results show that even by 18 h, a relatively early time after transfection (23, 28) , expression from p38KCAT was stimulated by 20-fold, whereas no significant effect was observed on levels expressed from p175KCAT. Enzyme levels expressed from p38KCAT were stimulated to the maximum extent (70-fold) by 30 h after transfection, and no stimulation from p175KCAT was observed at any time after transfection. These findings are consistent with our previous data demonstrating differential induction of the two hybrid constructs by ts mutants of HSV-1 (28) and confirm that induction of expression from p175KCAT and p38KCAT after virus infection proceeds via two qualitatively different pathways with stimulation of p175KCAT being mediated by virion component(s) and that of p38KCAT requiring functional IE polypeptides. Our results also indicate that, at least in this system, there is no absolute requirement for virion components or virion induced factors for the expression of IE proteins from transfected genes nor for their subsequent activation of expression from DE regulatory regions. (Fig. 6 ), we used a series of plasmids which contain only one intact HSV-1 gene: pIGA-15 and pIGA-6, which contain the gene for the 110K protein, and pXhol-C, which contains the gene for the 175K protein (equivalent to the 185K protein of HSV-2). The results show that the plasmid containing the gene for the 175K protein (pXhoI-C) could in the absence of other IE genes stimulate expression from both the 38K and thymidine kinase promoter regions with resulting increases in CAT activity of 20-to 40-fold ( Fig. 6 and Table 1 ). Unexpectedly, we found that plasmids containing the gene for the 110K protein (pIGA-15 and pIGA-6) could also independently stimulate expression from the DE regulatory regions, albeit with lower overall increases in enzyme levels compared with those obtained with pXhol-C. Similar analyses with two additional plasmids, pGR195 (Fig. 7 ) and pGH3 (data not shown), whose only intact IE genes are those for the HSV-1 or HSV-2 110K proteins (Fig. 1) , confirmed that this gene product could independently activate expression from DE regulatory regions. None of these plasmids was as efficient in stimulating expression from the DE regulatory regions as was pGR90, which in parallel cotransfection experiments increased expression by 50-to 100-fold (Table 1) . Parenthetically, our results show that an HSV-2 DE promoter/regulatory region could be stimulated by isolated individual HSV-1 IE genes and that an HSV-1 DE region could be activated by the HSV-2 IE genes contained in pGR90.
Results from further experiments indicated that the ability to stimulate DE expression may reside exclusively in this subset of IE genes, i.e., those for the 110K and 175K proteins. Thus, Fig. 7 shows results from an experiment comparing the effects of cotransfection of p38KCAT or pTKCAT with either pGR195, pGR162 (containing the gene for the HSV-2 63K protein), or pGR169 (containing the gene for the HSV-1 68K protein). Transfection resulted in high levels of expression from both target genes with increases in enzyme levels of approximately 12-fold for p38KCAT and 30-fold for pTKCAT. In contrast, cotransfection with pGR162 (or pGH18, which also contains the gene for the HSV-2 68K protein; Fig. 1 and data not shown) or pGR169 had no significant effect on expression from either DE/CAT recombinant ( Fig. 7 and Table 1 ). These results indicated that, at least in our system, the individual IE genes coding for the 63K and 68K proteins were not sufficient for activation of expression from DE control regions. In an attempt to determine whether the 68K protein could augment activation by the 110K or 175K polypeptides, cells were transfected with the recombinant target genes and appropriate combinations of plasmids containing the IE genes. We could demonstrate no increased stimulation when the gene for the 68K protein was included, and on the contrary, a small but reproducible reduction (at least twofold) in target gene activity was observed when this plasmid was cotransfected with either the plasmid encoding the 110K protein (Fig. 7) or that encoding the 175K protein (data not shown).
The gene coding for the 12K IE protein enhances stimulation of expression from DE control regions. Throughout this work comparative analyses of the levels of induction of expression from DE regulatory regions showed that cotransfection with plasmid pGR90 resulted in a 40-to 100-fold increase in activity, significantly higher (up to 5-fold) than that resulting from cotransfection with the individual or combined genes for the 110K, 175K, 68K, and 63K proteins. Inspection of the sequences contained within pGR90 (Fig. 1 ) led us to propose that the IE gene coding for a 12K protein may be responsible for the increased levels of stimulation. Results from an experiment attempting to demonstrate an involvement of this latter gene are shown in Fig. 8 . Because no constructs containing only the intact gene for the 12K protein were available, the approach adopted was to selectively inactivate different genes within pGR90 before cotransfection with the DE/CAT target genes and then assay the effect on induction. Mapping of restriction enzyme sites in pGR90 in relation to the known gene locations indicated that digestion with Sall should cleave within the genes for the 185K and 12K proteins, leaving intact the gene for the 110K protein, whereas digestion of the plasmid with EcoRI should cleave only within the gene for the 12K protein, leaving intact the genes for the 185K and 110K proteins (Fig. 8b) . The results show that prior digestion of pGR90 with SalI and EcoRI reduced the extent of stimulation of p38KCAT from approximately 50-fold to 10-and 14-fold, respectively. Since the genes for the 185K and 110K proteins could individually stimulate expression from the DE regulatory regions, the result with Sall cleavage is consistent with the interpretation that reduction in expression is due to inactivation of the 185K gene and that the remaining stimulation is due to the gene for the 110K. Cleavage with EcoRI, which inactivates only the gene for the 12K protein while leaving intact those for the 110K and 185K proteins, also significantly decreased the extent of stimulation of p38KCAT expression. Therefore, the gene coding for the 12K IE protein, although not absolutely necessary, may augment activation of the DE regulatory region by the 185K or the 110K protein or both.
Intact IE genes are necessary for activation of the DE/CAT recombinants. In the cotransfection experiments described in this work, the formal possibility was raised that increased expression from the DE/CAT recombinants may not be due to transactivation by functional IE gene products but to cis activation, perhaps by a recombinational process with enhancer-type sequences proposed to exist within the 5'-upstream region of at least one IE gene (20 Thus, Fig. 9 shows results from an experiment measuring the effect of prior cleavage of pGR90, which contains several IE genes, or of pIGA-1S, which contains only one IE gene (110K protein), on the induction of expression from p38KCAT. Maps of the relevant cleavage sites in relation to the IE gene locations are shown in Fig. 8b and 9b . The 50-fold stimulation observed with uncut pGR90 was essentially unaffected by cleavage with HindIII, which cuts twice within the plasmid, whereas cleavage with BamHI, which cuts within each of the IE genes, completely abolished stimulation. With pIGA-15, a 20-fold increase in activity resulted from cotransfection with the uncut plasmid, and prior digestion with HindIII, which cuts twice, or EcoRV, which cuts once, each site being outside the 110K gene, had no significant effect on induction. However, digestion with BamHI, which cuts twice, once within the 110K gene, a) (Fig. 10) . Digestion of pXhoI-C with BamHI, which cuts within both the protein coding region and the leader region of the 175K gene, completely prevented activation of p38KCAT. Cleavage with SalI, which cuts only within the leader region, leaving the coding region and upstream regulatory region separate but otherwise intact, also abolished activation. Stimulation of DE/CAT expression was also prevented by cleavage of pXhoI-C with PvuII, which cuts the plasmid once, within the protein-coding region of the 175K gene (data not shown). In contrast, digestion with HindIII, which cuts twice in pXhol-C but outside the 175K gene, had no significant effect on activation of the DE/CAT construct.
These results demonstrate that induction of expression of the DE/CAT recombinants by cotransfecting IE genes involved exclusively a transactivation mechanism mediated by the IE gene products. Furthermore, the reduction in DE activation by pGR90 after cleavage with EcoRI was not caused by linearizing the plasmid, which per se had no significant effect, but resulted directly from inactivation of the gene encoding the 12K protein. Hindlll; S, SaIl; X, XhoI; P, PvuII; E, EcoRI.
DISCUSSION
We have previously shown that a short-term transfection system with recombinant constructs containing promoter/ regulatory regions of IE and DE genes for HSV linked to the coding region for the bacterial enzyme CAT provides valid assays for the expression and regulation of HSV genes (28 (11, 17) . The purpose in having two separate genes to perform this function is unknown, but additional individual functions of either of these genes may exist. In the adenovirus system, some recent evidence suggests that products of both the 13S and 12S mRNAs of the Ela gene individually possess the ability to stimulate adenovirus early gene expression (21) . Furthermore, Richardson and Westphal (34) 
